The interaction of chloride, fluoride and phosphate ions with the molybdenum centre of sulphite oxidase in the pH range 6.2 to 9.6 has been studied by e.p.r. of Mo(V) in the enzyme reduced by sulphite. Detailed studies were made from e.p.r. spectra recorded at about 120 K and more limited studies from spectra ofliquid samples at about 295 K and also from enzyme activity measurements. Interconversion between low-pH and high-pH Mo(V) e.p.r. signal-giving species [described by Biochem. J. 185, 397-4031 is influenced by chloride concentration, a 10-fold increase in concentration (in the range of about 1 mM to 100mM) causing an increase of about 1 pH unit in the apparent pK for the conversion. This suggests that chloride is a constituent of the low-pH species. 
Enzyme H
No evidence that Cl-is essential for enzymic activitity was found. Data relating to equilibria amongst low-pH, high-pH and also the phosphate species are presented. Depending on pH and on concentrations of Cl-and H2PO4-, one, two, or all three species may be present. Qualitatively, under appropriate conditions, the phosphate species tends to replace some or all of the low-pH species. Quantitative analysis by a computer procedure permitted an appropriate scheme to be deduced and equilibrium constants to be evaluated. Studies on the e.p.r. signals at 295 K indicated that similar equilibria applied in liquid solution, but with some changes in the values of the constants. The structure of the molybdenum centre in its various states and the nature of the enzymic reaction are discussed.
Studies by e.p.r. of molybdenum(V) in molybdenum-containing enzymes provide important information bearing on their structures and catalytic mechanisms (Bray, 1980a) . In such work it is possible to distinguish and study individually different chemical species of molybdenum(V), each of which arises from a different chemical state of the molybdenum centre of the enzyme molecule. In the case of sulphite oxidase, four molybdenum(V) e.p.r. signals have been described, and in accordance with gives partial reduction of the metal to the molybdenum(V) state. Except under specific and rather special conditions, spectra so obtained are mixtures of two or more of the different species. Cohen et al. (1971) studied the effect of pH variation on the equilibrium between the high-and low-pH forms and concluded that these are interconverted by reversible uptake of a proton (this proton being presumed to be the one detected in the low-pH signal). The pK value for this interconversion (in a medium containing variable amounts of chloride) was reported as 8.2. Conversion of the enzyme to the phosphate form is obviously favoured by the presence of inorganic phosphate in the medium Gutteridge et al., 1980) though other conditions favouring this process have not been studied in detail.
We now report results of a systematic investigation of the effects of pH, of chloride concentration and of phosphate concentration on the signals from sulphite oxidase. The results provide important information on the structures of the signal-giving species and are thus relevant to an understanding of the mechanism of the enzymic reaction.
Materials and methods
The enzyme was partially purified from frozen chicken livers as described by Lamy et al. (1980) . Enzymic activity was measured by following reduction of cytochrome c in the presence of sulphite, generally as described by these workers. Absence of contamination of our preparations by xanthine dehydrogenase or aldehyde oxidase was indicated by failure of purine to elicit Mo(V) e.p.r. signals. Unless otherwise stated the buffer employed for all experiments and activity assays was a mixture of 25 mmPipes (1,4-piperazinediethanesulphonic acid) and 25 mM-Bicine [NN-bis-(2-hydroxyethyl)glycinel, adjusted to the required pH value with NaOH. Colorimetric analysis for molybdenum using toluene-3,4-dithiol was carried out as described by Hart et al. (1970) (Gutteridge et al., 1978) and here a reaction time of 50ms was employed. E.p.r. measurements E.p.r. spectra were recorded on a Varian E9 spectrometer linked to a computer and visual display system . Recording conditions were generally approx. 120K, microwave power 10mW, modulation amplitude 0.16 mT. The microwave frequency was about 9.3 GHz. For measurement on liquid samples the microwave power was raised to 50mW and the modulation to 2.5 mT.
Absolute quantification of intensities of molybdenum(V) e.p.r. signals was obtained by double integration with corrections as described by Lamy et al. (1980) . These values for concentrations of e.p.r.-detectable Mo(V) were divided by the total molybdenum content of the samples, determined colorimetrically on portions of the solutions removed from the tubes after the e.p.r. measurements.
Computer simulation of e.p.r. spectra was carried out according to Lowe (1978) . Difference spectra were obtained as described previously Bray & Gutteridge, 1982) .
Relative quantification of intensities of the three e.p.r. signals, namely low-pH, high-pH and phosphate, when these were present together, was carried out as follows by using the computer and visual display systems. The experimental spectrum to be examined, and spectra of the three pure species required for comparison, were first adjusted in amplitude so as to have identical integrated intensities. Increasing proportions of the phosphate signal were then subtracted from the experimental spectrum, until features due to this species were judged just to have disappeared from the difference spectrum. This observation of a 10-fold change in chloride concentration producing a change in the relative amounts of the signals comparable with that of a 10-fold change in hydrogen ion concentration at once suggests the participation of chloride as well as of protons in the structure of the low-pH signalgiving species.
The third curve in Fig. 1 , for which the apparent pK was 7.0, was obtained in the absence of added chloride. When due allowance was made for the presence in some experiments at low pH values of traces of the sulphite signal (see Bray et al., 1982) , then the form of the low-pH signal in the absence of added chloride could not be distinguished from that in experiments where this anion was added.
Chloride is a common contaminant in chemical and biochemical work. We therefore wondered whether it could be present in these experiments at a concentration sufficiently high as to be a constituent of the low-pH signal giving species. Analysis for chloride, as described in the Materials and methods section, of a sample buffer similar to that used in the experiments indicated a chloride concentration of about 0.3 mm. This concentration (which applied to one batch only of the buffer) is considerably higher than that of the molybdenum centres, in agreenment with the hypothesis that chloride is a constituent of the low-pH species. Since the above experiments suggested that chloride was a constituent of the low-pH signal-giving species, we tested whether it could be replaced by fluoride. Fluorine has a magnetic nucleus with I=+ and tends to give much larger hyperfine coupling than does chlorine. Thus, if the halide was coupled to molybdenum, then hyperfine structure might be detectable in the e.p.r. spectrum of the enzyme when fluoride replaced chloride. Fig. 2 (spectra a, b and e) shows that addition of 100mM-sodium fluoride to a sample of sulphite oxidase at pH 7.0 had a much smaller effect on the spectrum than did addition of the same concentration of sodium chloride. However, by appropriate use of difference techniques, the spectrum of Fig. 2(f) was obtained, and is believed to represent a low-pH species in which a fluoride ion has replaced a chloride ion. In confirmation of the significance of the fluoride effect, the main features of Fig. 1(f) , particularly those in the g, region, were reproduced in difference spectra from replicate samples. With fluoride in place of chloride as a ligand of molybdenum, then g and A(1H) values might be changed somewhat, though probably only slightly. We therefore attempted a preliminary simulation [ Fig. 2(f') ] of the spectrum of Fig. 2(f) by assuming that these parameters were as in the low-pH chloride species , but with moderately strong anisotropic hyperfine coupling of a single fluorine nucleus to molybdenum. The agreement between Figs. 2(f) and 2(f') supports these assumptions.
The data thus indicate that, in the presence of high concentrations of fluoride, a relatively small proportion of the enzyme molecules are converted into a species, analogous to the normal low-pH species, having a fluorine coupled to molybdenum and presumably replacing a chlorine, with an essentially unchanged ligand geometry. We next studied conditions required for conversion of the enzyme into the phosphate species. As is shown in Fig. 3 values in the region of 6.5 and in a medium without added chloride, the enzyme was converted almost quantitatively to the phosphate species. On ralsing the pH this was transformed progressively into the high-pH form. Fig. 4 shows a similar experiment at a lower concentration of phosphate (1 mM). Here both the phosphate and the low-pH (chloride) species were present at low pH values but both of these were replaced by the high-pH species as the pH was increased. Further experiments (results not shown) at fixed pH values confirmed progressive and parallel elimination of both the high-pH and the low-pH (chloride) species and their replacement by the phosphate species, as the concentration of phosphate was increased. In other experiments, competition between chloride and phosphate for the enzyme was confirmed (see also the data of Kessler & Rajagopalan, 1972) . Thus, e.g., contaminating chloride at a level of about 1 mm in a sample containing 2 mM-phosphate at pH 6.8 was sufficient to change the spectrum from the pure phosphate form to one corresponding to about 80% phosphate and 20% low-pH (chloride).
The above data, together with those in Fig. 1 , confirm the equilibrium nature of the relationship to one another of the three signal-giving species. We employed a computer analysis, as described in the Materials and methods section, of all our data to establish the form of the equilibrium relationship. The final schemes which were considered are illustrated in Schemes 1(a) and 1(b). After the computer program had optimized the variables, these two schemes gave equally good fits of the computed signal intensities to experimental intensities, as judged by the minimum sum of squares error estimate over all the experiments. Replacing these schemes by a number of simplifications or other variants of Scheme 1(a) gave substantially worse minimum error estimates, as summarized in Table 1 . Because of uncertainties (and possible variations from one experiment and from one sample to another) in the contamination of our samples with chloride, the program treated as variables to be optimized, not only the equilibrium constants in the various schemes, but also the concentration of chloride assumed present as a contaminant in all samples, over and above concentrations which were added deliberately. For reasons discussed below, we prefer Scheme l(b) to Scheme l(a). The solid lines through the experimental points in Figs. 1, 3 and 4 were calculated by using Scheme l(b), with the optimum values of the parameters (as summarized in Scheme 2 below). Clearly these lines are a good fit to the experimental data, with only minor and largely random deviations. The concentration of contaminating chloride calculated in this analysis and employed in the plots was 0.64 mm. This is within the range of possible values, as indicated above, which we take to be about 0. 1-1.0 mM. (Note that the value of 0.64mM could be weighted by one or two critical samples which happened to be particularly heavily contaminated.)
Additional species
Scheme 1(b) contains a species not detected by e.p.r. and referred to as 'Invis'. The possible nature of this will be considered below. Two additional e.p.r.-detectable species have to be considered. The first is the sulphite complex . In agreement with that work, we were able to detect this species at the lowest pH values, provided that chloride concentrations were low (e.g. traces of the sulphite species are revealed on close inspection of the spectra of Figs. 2a and 2b) . However, the sulphite complex was not apparent in substantial concentrations in any of the experiments which we submitted to the quantitative analysis described above.
The other species we have to consider is apparent on close inspection of the spectrum of high-pH species (Fig. 2d) . The g, feature of this spectrum invariably shows small 'shoulders' indicated by the arrows in the Figure. As discussed elsewhere, these suggest very strongly the presence of relatively small amounts of an additional species (cf. Lamy et Lamy Freund, 1981) (Bray, 1980b) , because both of reduced instrument sensitivity and of instability of some of the signal-giving species. Since tration and of pH (measured at 20-25°C) on e.p.r. spectra of sulphite oxidase samples recorded at about 120 or 295 K. The spectra fall into two groups; thus (a) and (b) correspond to about 20% of the low-pH form and 80% of the high-pH and (c)-(e) correspond to about 40% of the low-pH and 60% of the high-pH. To judge the effect of freezing on the apparent pK, we may compare (a) with (b) (0.1-1.OmM-Ch-) or alternatively (c) with (d) (10mM-Cl-). Such comparisons suggest that in the low temperature samples, the apparent pK for the high-pH/low-pH (chloride) transformation is raised relative to that in the room temperature samples, by 1 to 2pH units. Fig. 6 also confirms that chloride has effects at room temperature as well as at low temperature. Thus, comparison of (b) with (d) (for 120 K) and of (a) with (c) (for 295 K) shows that 10mM-Cl-gives an increase in the proportion of the low-pH (chloride) signals as compared with 0.1-lmM-Clsamples, even though, here, pH values were in both cases higher for the samples at the higher chloride concentration. Finally, and perhaps more definitively, comparison of (c) with (e) indicates that, at 295 K, a 10-fold increase in Cl-concentration was countered by a pH increase of 1 unit. Fig. 8 shows pH/activity curves in the presence of lOmMchloride or 1OmM-phosphate.
The small increase in activity with increasing chloride at low concentrations (Fig. 7) (Bray, 1961 (Fig. 2f') Sunil & Rogers (1981) . Why the apparent dissociation constants for fluoride from the enzyme should be, as seems implied by our data, some 100-1000 times higher than that for chloride is not certain. Perhaps a scheme analogous to Scheme 1 (b) in which the halide ion binds to the high-pH species before rather than after its protonation ought to be considered. If this applied, then failure of the enzyme to be converted completely to a low-pH (fluoride) species, in comparison with ready conversion to the low-pH (chloride) form, might be accounted for by a difference in pK between the two 'invisible' halidecontaining species.
Returning to Scheme l(b), it must be emphasized that though this is capable, formally, of explaining our data on relative intensities of the Mo (V) (Stiefel, 1973) and, e.g., Divand et at. (1976) have shown that reaction with HCI increases the metal's co-ordination number to seven, in converting a Mo=O group to MoCl2 in Mo(VI) dithiocarbamato complexes.
Scheme 2 suggests a cyclic structure for the phosphate complex analogous to that ofthe Inhibited species from xanthine oxidase (Bray & Gutteridge, 1982) . However, as pointed out by these workers, further work (cf. Gutteridge et al., 1980) is needed with 170 on the phosphate complex. A possible mode of interaction of sulphite with the enzyme is also included. An extension of our computing studies, with the sulphite concentration set at 5 mM .,-,OH 
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Scheme 2. Proposed chemical interpretation ofScheme 1(b) The values of the equilibrium constants given are the ones which gave the best fit to the experimental data and which were used in computing the theoretical curves in Figs. 1, 3 and 4. as in the e.p.r. work, and with Ks arbitrarily set at 10mM, showed that Scheme 2 then predicts appearance of the sulphite species roughly in accordance with the data reported by Bray et al. (1982) . Thus, the computing indicated that the sulphite species would be detectable (i.e., 5% or more of the total signal-giving species), only if the pH was below 8, and that it would be suppressed at all pH values by quite low concentrations of phosphate or of chloride.
A cyclic complex formed, as indicated in Scheme 2, by addition of the HS03-ion to Mo=O could presumably break down by rupture of the two molybdenum-oxygen bonds to liberate the product, HS04-. It was tempting to extend the computing to activity data, on the assumption that this is indeed the catalytic pathway for the enzyme. However, there is a disappointing lack of data from steady-state turnover studies on the enzyme for comparison with the present e.p.r. work, i.e. no attempt seems to have been made to determine kcat. and Vm.. as a function of pH, with a view to establishing whether HS03-or S032-is the substrate. Nevertheless, one point of agreement, even if this should eventually prove fortuitous, between our activity data and computing based on Scheme 2 with the added assumption that enzyme turnover is proportional to the concentration of the sulphite species, may be mentioned. This is that the Scheme predicts, in agreement with Fig. 8 , that phosphate should raise the pH optimum of the enzyme.
